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Abstract
We investigate the effects induced by excited leptons at the one-loop level
in the observables measured on the Z peak at LEP. Using a general effec-
tive Lagrangian approach to describe the couplings of the excited leptons, we
compute their contributions to both oblique parameters and Z partial widths.
Our results show that the new effects are comparable to the present experi-
mental sensitivity, but they do not lead to a significant improvement on the
available constraints on the couplings and masses of these states.
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I. INTRODUCTION
The standard model of electroweak interactions (SM) is not able to give a satisfactory
explanation to family repetition and to the complex pattern of the fermion masses. One
expects a substantial improvement in the understanding of these problems when consider-
ing an underlying fermionic substructure where the usual fermions share some constituents
(preons) [1]. In this sense, the SM would be just the low-energy limit of a more fundamental
theory, being valid only at energies below the compositeness mass scale Λ.
One of the most unambiguous predictions of the composite models is the existence of an
excited lepton state for each known lepton. Unfortunately, we do not yet have a satisfactory
model that could reproduce the whole family spectrum. In view of the lack of a unique
predictive theory, a model-independent phenomenological analysis of the effects of fermion
compositeness seems the most appealing approach. On this ground, we can employ the
effective Lagrangian techniques to describe the physics of these excited states below the
compositeness scale.
This approach has been employed in several phenomenological studies that analysed
the expected signatures of these excited fermions in pp [2,3], e+e− [2,4,5,6,7], and ep [4,6]
collisions at high energies. On the experimental side, several searches for these particles have
been carried out, including those at the CERN Large Electron–Positron Collider (LEP) [8]
and at HERA [9]. At LEP, the experiments at the Z pole excluded the existence of excited
spin–1
2
fermions with mass up to 46 GeV from the pair production search (e+e− → ℓ∗ℓ∗),
and up to 90 GeV from direct single production (e+e− → ℓℓ∗) for a scale of compositeness
Λ < 2.5 TeV [8]. Very recent results from the L3 Collaboration [11], at centre-of-mass
energies of 130–140 GeV, determined the lower mass limits at 95% C.L. of 64.7 GeV for the
excited electrons, and roughly Λ ≥ 1.4 TeV for 90 ≤Me∗ ≤ 130 GeV. The experiments at the
DESY ep collider HERA also searched for resonances in the eγ, νW , and eZ systems [9,10];
however the LEP bounds on excited leptons couplings are about one order of magnitude
more stringent in the mass region below the Z mass.
In spite of the failure of all the direct searches for compositeness, we could expect that
the next generation of accelerators, working at higher centre-of-mass energies, would be able
to obtain a direct evidence of the existence of these composite states. On the other hand, an
2
important source of indirect information about new particles and interactions is the precise
measurement of the electroweak parameters done at LEP. Virtual effects of these new states
can alter the SM predictions for some of these parameters and the comparison with the
experimental data can impose bounds on their masses and couplings.
In this work we investigate the one-loop effects of excited leptons in the observables
measured on the Z peak at LEP. Using an effective Lagrangian in terms of dimension five
operators to describe the couplings of the excited leptons, we compute their contribution
to both oblique and vertex corrections to the electroweak parameters. Our results show
that the new effects are comparable to the present experimental sensitivity, but they are
only able to constrain very marginally the model parameters beyond the present limits from
direct searches.
The outline of the paper is as follows. In section II, we introduce the effective Lagrangian
describing the couplings of the excited leptons. Section III contains the relevant analytical
expressions for the one-loop corrections induced by the excited leptons. Our results and their
respective discussion are given in Section IV. This paper is supplemented with Appendix A
where we list all the relevant Passarino–Veltman functions.
II. EFFECTIVE INTERACTIONS
In order to reduce the number of free parameters in a general effective Lagrangian, we
concentrate here in a specific model, following the formulation of Hagiwara et al. [4]. This
particular model has been used by several experimental collaborations as a guideline to the
search of composite states. We consider excited fermionic states with spin and isospin 1
2
, and
we assume that the excited fermions acquire their masses before the SU(2)×U(1) breaking,
so that both left-handed and right-handed states belong to weak isodoublets. We introduce
the weak doublets, with hypercharge Y = −1, for the usual left-handed fermion (ψL) and
for the excited fermions (Ψ∗),
ψL =

 ν
e


L
, and Ψ∗ =

 N
E

 ,
The most general dimension-five effective Lagrangian describing the coupling of the excited
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fermions to the usual fermions, which is SU(2)× U(1) invariant and CP conserving can be
written as [4]
LFf = −
1
2Λ
Ψ¯∗σµν
(
gf2
τ i
2
W iµν + g
′f1
Y
2
Bµν
)
ψL + h. c. , (1)
where f2 and f1 are weight factors associated to the SU(2) and U(1) coupling constants, with
Λ being the compositeness scale, and σµν = (i/2)[γµ, γν]. g and g
′ are the gauge coupling
constants of SU(2) and U(1) respectively. At tree-level they can be expressed in terms of
the electric charge, e, and the Weinberg angle, θW , as g = e/ sin θW and g
′ = e/ cos θW . We
will assume a pure left-handed structure for these couplings in order to comply with the
strong bounds coming from the measurement of the anomalous magnetic moment of leptons
[12].
In terms of the physical fields, the Lagrangian (1) becomes
LFf = −
∑
V=γ,Z,W
CV Ff F¯ σ
µν(1− γ5)f∂µVν − i
∑
V=γ,Z
DV Ff F¯ σ
µν(1− γ5)fWµVν + h. c. , (2)
where F = N,E, and f = ν, e. The non-abelian structure of (1) gives rise to a contact
quartic interaction, such as the second term in the r.h.s. of Eq. (2). In this equation, we
have omitted terms containing twoW bosons, which do not play any role in our calculations.
CV Ff is the coupling of the vector boson with the different kinds of fermions,
CγEe = − e4Λ(f2 + f1) , CγNν =
e
4Λ(f2 − f1)
CZEe = − e4Λ(f2 cot θW − f1 tan θW ) , CZNν =
e
4Λ(f2 cot θW + f1 tan θW )
CWEν = CWNe =
e
2
√
2 sin θWΛ
f2 ,
(3)
and the quartic interaction coupling constant, DV Ff , is given by
DγEν = −DγNe = e
2
√
2
4 sin θWΛ
f2
DZEν = −DZNe = e
2
√
2 cos θW
4 sin2 θWΛ
f2 .
(4)
The coupling of gauge bosons to excited leptons can be described by the SU(2)× U(1)
invariant and CP conserving, effective Langragian,
LFF = −Ψ¯∗
[(
g
τ i
2
γµW iµ + g
′
Y
2
γµBµ
)
+
(
gκ2
2Λ
τ i
2
σµν∂µW
i
ν +
g′κ1
2Λ
Y
2
σµν∂µBν
)]
Ψ∗ (5)
In terms of the physical fields, this can be written as,
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LFF = −
∑
V=γ,Z,W
F¯ (AV FFγ
µVµ +KV FFσ
µν∂µVν)F . (6)
Since we have assumed that the left- and right-handed excited leptons have the same
quantum numbers under the standard gauge group, the dimension-four piece in (6) is taken
vector-like. AV FF is given by
AγEE = −e , AγNN = 0
AZEE = e
(2 sin2 θW − 1)
2 sin θW cos θW
, AZNN =
e
2 sin θW cos θW
AWEN =
e√
2 sin θW
(7)
and KV FF is given by
KγEE = − e4Λ(κ2 + κ1) , KγNN =
e
4Λ(κ2 − κ1)
KZEE = − e4Λ(κ2 cot θW − κ1 tan θW ) , KZNN =
e
4Λ(κ2 cot θW + κ1 tan θW )
KWEN =
e
2Λ
κ2√
2 sin θW
.
(8)
It is important to notice that the phenomenological model for the excited fermions de-
scribed by the Lagrangians (2) and (6) has been extensively used by several experimental
collaborations [8,9,10,11] to search for excited states. Therefore the results presented in
this paper can be directly compared with the bounds on the excited fermion mass and
compositeness scale obtained by these collaborations.
III. ANALYTICAL EXPRESSIONS
In this work we employed the on-shell-renormalization scheme, adopting the conventions
of Ref. [13]. We used as inputs the fermion masses, GF , α, and the Z-boson mass. The
electroweak mixing angle is a derived quantity defined through sin2 θW = s
2
W ≡ 1−M2W /M2Z .
As a general procedure to evaluate the virtual contributions of the excited states, with
couplings described by (2) and (6), we evaluated the loops inD = 4−2ǫ dimensions using the
dimension regularization method [14] which is a gauge-invariant regularization procedure,
and we adopted the unitary gauge to perform the calculations. We identified the poles at
D = 4 (ǫ = 0) and D = 2 (ǫ = 1) with the logarithmic and quadratic dependence on the
scale Λ [15]. The finite part of the loop is given by
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Lfinite = lim
ǫ→0
[
L(ǫ)− R0
(
1
ǫ
− γE + log 4π + 1
)
− R1
(
1
ǫ− 1 + 1
)]
where R0(1) are the residues of the poles at ǫ = 0(1). The final result is written as
L = Lfinite + R0 log
(
Λ2
µ2
)
+ R1
Λ2
4πµ2
In order to compute the loops in D dimensions in terms of the Passarino–Veltman scalar
one-loop functions (see Appendix A), we used the Mathematica package FeynCalc [16]. The
output of FeynCalc, in the case of the two-point functions, was checked against the results
obtained by a direct analytical calculation.
Close to the Z resonance, the physics can be summarized by the effective neutral current
Jµ =
(√
2GµM
2
Zρf
)1/2 [(
If3 − 2Qfs2Wκf
)
γµ − If3 γµγ5
]
, (9)
where Qf (If3 ) is the fermion electric charge (third component of weak isospin), and Gµ is the
Fermi coupling constant measured via the muon lifetime. The form factors ρf and κf have
universal contributions, i.e. independent of the fermion species, as well as non-universal
parts,
ρf = 1 +∆ρuniv +∆ρnon , (10)
κf = 1 +∆κuniv +∆κnon . (11)
Excited leptons can affect the physics at the Z pole through their contributions to both
universal and non-universal corrections. The universal contributions can be expressed in
terms of the unrenormalized vector boson self-energies. Defining the transverse part of
vacuum polarization amplitudes between the vector boson V1 − V2, ΠV1V2µν (q2), as
ΠV1V2µν (q
2) ≡ gµν ΣV1V2(q2)
where V1,2 = γ, W , and Z, we can write
∆ρexuniv(s) = −Σ
ZZ
ex (s)− ΣZZex (z)
s− z +
ΣZZex (z)
z −
ΣWWex (0)
w + 2
sW
cW
ΣγZex (0)
z ,
∆κexuniv =
cW
sW
ΣγZex (z)
z +
cW
sW
ΣγZex (0)
z +
c2W
s2W
[
ΣZZex (z)
z −
ΣWWex (w)
w
]
,
∆rexuniv = Σ
′γγ
ex (0)− c
2
W
s2W
(
ΣZZex (z)
z −
ΣWWex (w)
w
)
+
ΣWWex (0)− ΣWWex (w)
w − 2cWsW
ΣγZex (0)
z ,
(12)
6
where w(z) =M2W (Z), sW (cW ) = sin(cos)θW and Σ
′ = dΣ/dq2.
The diagrams with excited lepton contributions to the self-energies are shown in Fig. 1.
The final result for the transverse part of vacuum polarization ΣV1V2Ff contribution coming
from the loop of an excited fermion with mass M and an ordinary massless fermion is
ΣV1V2Ff =
1
12π2
CV1FfCV2Ff
{
6q2Λ2 + q4 log Λ
2
M2
−2q2M2 − q
4
3 +M
2(2M2 − q2) + (M2 − q2)(2M2 + q2)
×
[
−2 +
(
1− M2
q2
)
log
(
1− q
2
M2
)]} (13)
where V1(2) refers to the initial (final) vector boson, and the constants CV Ff are defined in
(3) for the different vector bosons and fermions.
For the vacuum polarization, ΣV1V2FF , coming from the loop of two excited fermions with
mass M , we obtain:
ΣV1V2FF =
1
24π2
q2
M2
{
6KV1FFKV2FFM
2Λ2 +
[
2AV1FFAV2FF
+6(AV1FFKV2FF + AV2FFKV1FF )M + 3KV1FFKV2FF
(
q2
3 + 2M
2
)]
M2 log Λ
2
M2
+4AV1FFAV2FFM
2
(
1
3 +
2M2
q2
)
+ 6(AV1FFKV2FF + AV2FFKV1FF )M
3
+KV1FFKV2FFM
2
(
5q2
3 + 4M
2
)
−2(4M
2 − q2)1/2
q arctan
[
q
(4M2 − q2)1/2
] [
2AV1FFAV2FFM
2
(
1 + 2M
2
q2
)
+6(AV1FFKV2FF + AV2FFKV1FF )M
3 +KV1FFKV2FFM
2 (q2 + 8M2)]
}
(14)
For the purpose of illustration, we derived approximate expressions for the excited
fermion contribution to the two-point functions, ΣV1V2ex , in the large-M limit. For RQ ≡
q2/M2 ≪ 1, we obtain
ΣV1V2ex = Σ
V1V2
Ff + Σ
V1V2
FF
= M
2
12π2
RQ
{
3Λ2(2CV1FfCV2Ff +KV1FFKV2FF )−AV1FFAV2FF
−3(AV1FFKV2FF + AV2FFKV1FF )M − 6KV1FFKV2FFM2 − 3CV1FfCV2FfM2
+ [AV1FFAV2FF + 3(AV1FFKV2FF + AV2FFKV1FF )M + 3KV1FFKV2FFM
2] log Λ
2
M2
}
(15)
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We obtain in this approximation the following expressions for the universal corrections,
∆ρ(z) = α
720c2Ws
2
Wπ
RZ (c
4
W + s
4
W )
[
−24 − 60 k√RL − 50 f 2RL − 15 k2RL
+60 f 2RL logRL + 15 k
2RL logRL
]
∆κ = − c
4
W
c4W + s
4
W
∆ρ(z)
∆r =
c2W
c4W + s
4
W
∆ρ(z)
(16)
where RZ ≡ M2Z/M2 and RL ≡ M2/Λ2. For the sake of simplicity, we have assumed that
f1 = f2 = f and k1 = k2 = k.
Since we are considering non-renormalizable dimension-five operators the loops should,
in principle, present poles at D = 2 that would generate terms that are finite when Λ→∞.
However, we are restricting ourselves to SU(2) × U(1) gauge invariant operators, and the
final results for the physical observables behave, at most, like log Λ2/Λ2, after using the
SM counterterms [see Eq. (16)]. Also, it is straightforward to verify that the new physics
decouples as the new contributions in Eq. (16) vanish in the limit RZ → 0 for fixed RL.
Corrections to the vertex Zf¯f give rise to non-universal contributions to ρf and κf .
Excited leptons affect these couplings of the Z through the diagrams given in Fig. 2 whose
results we parametrize as in Ref. [13],
−i e
2sW cW
[
γµF
Zf
V ex − γµγ5FZfAex − If3 γµ(1− γ5)
cW
sW
ΣγZex (0)
M2Z
]
, (17)
where the singular part proportional to ΣγZ(0) has been split off, and
∆ρexnon =
2FZfAex(M
2
Z)
If3
, (18)
∆κexnon = −
1
2s2WQ
f
[
FZfV ex −
If3 − 2s2WQf
If3
FZfAex(M
2
Z)
]
. (19)
There are twelve one-loop Feynman diagrams that involve the contribution of excited
fermions to the three-point functions. For each diagram we define T V2i (q
2,M2,M2V ),
i = 1, · · · , 12, where V2 is the virtual vector boson, with massMV , running in the loop. In our
calculations, we have assumed that the ordinary fermions are massless (i.e. m2 ≪M2,M2V ),
and in this limit, T V27,8,9,10(q
2,M2,M2V ) = 0. Notice that the external fermion loops (diagrams
5–10 of Fig. 2 ) only contribute as half, due to the addition of the fermion wave function
renormalization counterterms. We also found the relations,
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T V22 (q
2,M2,M2V ) = T
V2
3 (q
2,M2,M2V ) ,
T V25 (q
2,M2,M2V ) = T
V2
6 (q
2,M2,M2V ) ,
T V211 (q
2,M2,M2V ) = T
V2
12 (q
2,M2,M2V )
Therefore, we can write the excited lepton contribution to the form factors F V1fV (A)ex, for
an external vector boson V1 as,
F V1fV ex(q
2) = F V1fAex (q
2) =
isW cW
e
TV1→f¯f(q
2) , (20)
with
TV1→f+f−(q
2) = T γ1 (q
2,M2, 0) + TZ1 (q
2,M2,M2Z) + T
W
1 (q
2,M2,M2W )
+2
[
T γ2 (q
2,M2, 0) + TZ2 (q
2,M2,M2Z) + T
W
2 (q
2,M2,M2W )
]
+TW4 (q
2,M2,M2W )
+
[
T γ5 (q
2,M2, 0) + TZ5 (q
2,M2,M2Z) + T
W
5 (q
2,M2,M2W )
]
+2 TW11 (q
2,M2,M2W ) .
(21)
Our results for T V21,2,4,5,11(q
2,M2,M2V ), in terms of the Passarino–Veltman scalar one-loop
functions, are
T V21 =
i
4π2 q2
C2V2Ff
{[
AV1FF
(
2M6 − 3M4MV 2 +MV 6 +M2MV 2 q2 + 2MV 4 q2
)
+KV1FF
(
2MMV
4 q2 − 2M3MV 2 q2
)]
× C0(0, 0, q2,M2,M2V ,M2)
+AV1FF
(
−2M4 + M2MV 2 + MV 4 + 13M2 q2 +
2
9 q
4
)
+KV1FF
(
M q4 + 2MM2V q
2
)
−(4M
2 − q2)1/2
q
[
AV1FF
(
−12M4 + 6M2M2V + 6M4V + 10M2Q2 + 9M2V Q2 − 4Q4
)
+KV1FF
(
12MM2V Q
2 − 6M Q4
)]
× arctan
[
q
(4M2 − q2)1/2
]
+q
2
6
[
AV1FF
(
18M2 + 9MV
2 − 4 q2
)
− 6KV1FF M q2
]
log Λ
2
M2
− M
2
V
(M2 −M2V )
[
AV1FF
(
2M4 −M2MV 2 −MV 4
)
− 2KV1FF MMV 2 q2
]
log M
2
M2V
}
≃ −iM2
144π2
C2V2Ff
{
AV1FF (126 + 117RV )− RQ
[
AV1FF (64 + 9RV )
+KV1FF M(108 + 18RV )
]
+
[
−AV1FF (108 + 54RV )
+RQ (24AV1FF + 36KV1FF M)
]
log Λ
2
M2
}
,
(22)
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where the coupling constants CV Ff , AV FF , and KV FF are given by (3), (7), and (8), respec-
tively, and the Passarino–Veltman function C0(0, 0, q
2,M2,M2V ,M
2) is given in Appendix
A. The approximate expression was obtained for the large-M limit, i.e. RQ = q
2/M2 ≪ 1
and RV =M
2
V /M
2 ≪ 1.
T V22 =
−i
4π2
CV1Ff CV2Ff
(
gaV2 + g
v
V2
) {
M2 − 2MV 2 − 2 q2 − q2 log Λ
2
M2
+ 2MV
2 log M
2
M2V
+2MV
2
(
M2 −MV 2 − q2
)
C0(0, 0, q
2,M2,M2V , 0)
+
M2 − q2
q2
(
M2 − 2MV 2 − q2
)
log
(
1− q
2
M2
)}
≃ iM2
8π2
CV1Ff CV2Ff
(
gaV2 + g
v
V2
)
RQ
(
1 + 2RV logRV + 2 log
Λ2
M2
)
,
(23)
where gvV and g
a
V are the vector and axial coupling of the vector bosons to the usual fermions:
for V = γ, gvγ = −e and gaγ = 0; for V = W , gvW = gaW = g/(2
√
2); for V = Z and f = ν,
gvZ = g
a
Z = g/(4cW ); for V = Z and f = e, g
v
Z = g(4s
2
W − 1)/(4cW ) and gaZ = −g/(4cW ).
T V24 =
i
144π2 q2
C2V2Ff gV1WW
{
−36Λ2 q2 + 72M4 − 36M2M2V − 36M4V − 45M2 q2
+15M2V q
2 + 46 q4 + 18
(
4M6 − 6M4M2V + 2M6V −M4 q2 + 4M2M2V q2
+3M4V q
2 −M2 q4
)
× C0(0, 0, q2,M2V ,M2,M2V )
−6(4M
2
V − q2)1/2
q
(
24M4 − 12M2M2V − 12M4V − 18M2 q2 + 4M2V q2
+5 q4
)
× arctan
[
q
(4M2V − q2)1/2
]
+ 3 q2 (18M2 + 36M2V + 5 q
2) log Λ
2
M2
+ 3
(M2 −M2V )
(
24M6 − 12M4M2V − 12M2M4V − 18M4 q2 − 36M4V q2
+5M2 q4 − 5M2V q4
)
log M
2
M2V
}
≃ iM2
288π2
C2V2Ff gV1WW
[
−72 Λ2
M2
− 18− 36RV +RQ (103 + 144RV + 144RV logRV )
+ (108 + 216RV + 30RQ) log
Λ2
M2
]
,
(24)
where gV1WW is the coupling constant of the triple vector boson vertex. For V1 = γ, Z is
given by gγWW = gsW and gZWW = gcW .
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T V25 =
i
16
(
M2 −M2V
)
π2
C2V2Ff
(
gaV1 + g
v
V1
) [
14M4 −M2MV 2 − 7MV 4
−6(M2 −M2V )
(
2M2 +MV
2
)
log Λ
2
M2
− 6 M
6
V
M2 −M2V
log M
2
M2V
]
≃ iM2
16 π2
C2V2Ff
(
gaV1 + g
v
V1
) [
14 + 13RV − 6(2 +RV ) log Λ
2
M2
]
,
(25)
and,
T V211 =
−i
32π2
CV2Ff DV1Ff
[
4Λ2 + 15M2 + 15MV
2 − 18 (M2 +M2V ) log Λ
2
M2
+
18M4V
M2 −M2V
log M
2
M2V
]
≃ −iM2
32π2
CV2Ff DV1Ff
[
4 Λ
2
M2
+ 15 + 15RV − 18(1 +RV ) log Λ
2
M2
]
,
(26)
where DV Ff is given in (4).
In order to make a consistency check of the whole calculation, we have analyzed the effect
of the excited leptons to the γf¯f vertex at zero momentum, which is used as one of the
renormalization conditions in the on-shell renormalization scheme. Taking into account the
appropriate values for the constants CV Ff (3), AV FF (7), and KV FF (8), we verified that our
exact result, c.f. Eq. 21, for the vertex γe¯e cancels at q2 = 0. This result should be expected
since we are using a gauge invariant effective Lagrangian, and the QED Ward identities [17]
require that the excited fermion contribution to this vertex, at zero momentum, vanishes.
In the same way, we have also checked that Tγ→ν¯ν(q
2 = 0) = 0 (note that T4 and T11 must
change sign for external neutrinos). Moreover, we also verified that the excited fermions
decouple from the vertex correction in the limit of large M .
It should be pointed out the the high energy cutoff of the loop integrals represents the
maximum energy to which the effective Lagrangian is expected to apply and we have assumed
that the effective operators are valid just up to the compositeness scale, Λ. Therefore,
decoupling of heavy excited states occurs only when M →∞ while keeping the ratio M/Λ
finite.
Finally, we present an approximated expression for the form factor F V1fV ex , at first order
in RQ, RZ and RW , which is valid for V1 = γ, Z:
11
F V1fV ex(q
2) = −M
2sW cW
288π2e
RQ
{
128AV1F ′F ′ C
2
WF ′f + 128AV1FF
(
C2γFf + C
2
ZFf
)
+72CV1F ′f ′ CWF ′f (g
a
W + g
v
W ) + 72CV1Ff
[
CγFf (g
a
γf + g
v
γf) + CZFf (g
a
Zf + g
v
Zf)
]
+103C2WF ′f gV1WW + 216
(
C2γFf KV1FF + C
2
ZFf KV1FF + C
2
WF ′f KV1F ′F ′
)
M
+
[
48AV1F ′F ′ C
2
WF ′f + 48AV1FF
(
C2γFf + C
2
ZFf
)
− 144CV1F ′f ′ CWF ′f (gaW + gvW )
−144CV1Ff
[
CγFf (g
a
γf + g
v
γf ) + CZFf(g
a
Zf + g
v
Zf)
]
− 30C2WF ′f gV1WW
+72
(
C2γFf KV1FF + C
2
ZFf KV1FF + C
2
WF ′f KV1F ′F ′
)
M
]
logRL
+RW
[
18AV1F ′F ′ C
2
WF ′f + 144C
2
WF ′f gV1WW + 36C
2
WF ′f KV1F ′F ′ M
+144CWF ′f [CV1F ′f ′ (g
a
W + g
v
W ) + CWF ′f gV1WW ] logRW
]
+RZ
[
18AV1FF C
2
ZFf + 36C
2
ZFf KV1FF M
+144CV1Ff CZFf
(
gaZf + g
v
Zf
)
logRZ
]}
.
(27)
From the above equation it is evident that the vertex corrections are proportional to RQ,
and therefore vanishes at q2 = 0.
IV. NUMERICAL RESULTS AND DISCUSSION
The above expressions for the radiative corrections to Z physics due to excited leptons
are valid for arbitrary couplings and masses. In order to gain some insight as to which
corrections are the most relevant, let us begin our analyses by studying just the oblique
corrections, which can also be parametrized in terms of the variables ǫ1, ǫ2, and ǫ3 of Ref.
[18]
ǫex1 = ∆ρ
ex
univ(z)
ǫex2 = c
2
W∆ρ
ex
univ(z)− 2s2W∆κexuniv − s2W∆rexuniv
ǫex3 = c
2
W∆ρ
ex
univ(z) + c
2
W∆r
ex
univ + (c
2
W − s2W )∆κexuniv(z) .
(28)
Recent global analyses of the LEP, SLD, and low-energy data yield the following values for
the oblique parameters [18]
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ǫ1 = ǫ
SM
1 + ǫ
new
1 = (5.1± 2.2)× 10−3 ,
ǫ2 = ǫ
SM
2 + ǫ
new
2 = (−4.1± 4.8)× 10−3 ,
ǫ3 = ǫ
SM
3 + ǫ
new
3 = (5.1± 2.0)× 10−3 ,
(29)
In Fig 3, we give the attainable values for the new contributions to the ǫ parameters for
different values of the excited lepton mass and couplings. As seen from this figure, requiring
that the new contribution is within the limits allowed by the experimental data (29), we find
that the constraints coming from oblique corrections are less restrictive than the available
experimental limits. Notice that Λ being the scale of new physics, M must satisfy M ≤ Λ.
As for the vertex corrections, we see in Eq. (20) that the excited leptons alter just the
left-handed-lepton coupling of the Z. The new contributions to the Z widths, Γee ≡ Γ(Z →
e+e−) and Γinv ≡ 3 Γ(Z → ν¯ν), are given by
∆Γee = αMZ
(s2W − 1/2)
3s2W c
2
W
× FZeV (z) ,
∆Γinv = αMZ
1
2s2W c
2
W
× FZνV (z) .
(30)
The theoretical values for the Z partial width generated by ZFITTER [19], formtop = 175
GeV andMH = 300 GeV, are Γee = 83.9412 MeV and Γinv = 501.482 MeV. The most recent
LEP results [22], assuming lepton universality, are ΓLEPℓℓ (Z → ℓ+ℓ−) = 83.93 ± 0.14 MeV
and for the invisible width ΓLEPinv = 499.9±2.5 MeV. Therefore, at 95% C.L., we should have
−0.28 < ∆Γee < 0.26 MeV, and −6.48 < ∆Γinv < 3.32 MeV.
We plot in Figures 4 and 5 the values of ∆Γee and ∆Γinv attainable in this phenomeno-
logical model for some values of the compositeness scale and excited lepton masses, assuming
different configurations of the weight factors f1,2, and κ1,2. Our numerical results show that
the most restrictive bound on the excited fermion mass and compositeness scale comes from
the comparison of ∆Γee with the LEP data for this observable.
Let us compare our bounds coming from ∆Γee with the ones emerging from the direct
search for the excited leptons. First of all, we should point out that the direct search at LEP
was just able to reach excited fermion masses up to 130 GeV [11]. On the other hand, the
HERA Collaborations [9,10], looking for states that decay into a gauge boson and a usual
fermion in the reaction ep→ f ∗X , can access masses up to 250 GeV.
In Fig. 6, we present the excluded region, at 95% C.L., in the Λ versus M plane imposed
by ∆Γee, for f1 = f2 = κ1 = κ2 = 1. We have further assumed that M ≤ Λ, leading to the
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excluded region represented by the shadowed triangle. For comparison, we also present the
region excluded by the ZEUS data [10] (below and left of the dashed curve), for f1 = f2 = 1.
Since we have assumed that BR(e∗ → eγ) = 1, this curve represents an upper limit for
the ZEUS bound. As we can see, we were able to exclude just a small region beyond the
available limit. We also show our results when we relax the condition of M ≤ Λ. In the
latter case, our analysis excludes all excited lepton masses with scales Λ ≤ 165 GeV.
In principle, compositeness may not only generate these operators involving excited lep-
tons which contribute to vector boson self energies and vertices at one-loop level, but it may
also generate effective operators which could give tree-level contributions which we did not
consider. Cancellations could then be possible between tree-level and one-loop contribu-
tions and the bounds derived here would not be applied. We assumed that it is unnatural
that large cancellations occur between the tree-level and the one-loop contributions in the
observables measured at MZ scale [15].
In conclusion, we have evaluated the contribution of excited lepton states, up to the
one-loop level, to the oblique variables and also to the Z width to leptons. We have com-
pared our results with the precise data on the electroweak observables obtained by the LEP
Collaborations in order to extract bounds on some of the free parameters (compositeness
scale and excited lepton mass) of the phenomenological model under consideration. We also
compared our results with the recent bounds obtained through the direct search for these
particles. Our results show that the present precision in the electroweak parameters attained
by LEP is very marginally able to constrain the parameters Λ and M beyond the present
limits from direct searches.
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APPENDIX A: SCALAR ONE-LOOP INTEGRALS
The relevant Passarino–Veltman functions are [20],
A0(m
2
0) = −i(16π2)µ4−D
∫
dDk
(2π)D
1
k2 −m20
,
B0(p
2
1, m
2
0, m
2
1) = −i(16π2)µ4−D
∫ dDk
(2π)D
1
(k2 −m20)[(k + p1)2 −m21]
, (A1)
C0(p
2
1, p
2
21, p
2
2, m
2
0, m
2
1, m
2
2) = −i(16π2)µ4−D
∫
dDk
(2π)D
1
(k2 −m20)[(k + p1)2 −m21][(k + p2)2 −m22]
where p21 = p2 − p1
The scalar function A0 can be written as [21],
A0(m
2
0) = m
2
0
(
∆− log m
2
0
µ2
+ 1
)
+ 2
µ2
π(D − 2) (A2)
where we have kept the pole at D = 2, and
∆ =
2
4−D − γE + log 4π (A3)
where γE is Euler’s constant.
The B0 and C0 functions can be written in terms of integrals over Feynman parameters
as
B0(p
2
1, m
2
0, m
2
1) = ∆−
∫ 1
0
dx log
[
x2p21 − x(p21 +m20 −m21) +m20 − iǫ
µ2
]
(A4)
and
C0(p
2
1, p
2
21, p
2
2, m
2
0, m
2
1, m
2
2) = −
∫ 1
0
dx
∫ x
0
dy
[
p221x
2 + p21y
2 + (p22 − p21 − p221)xy
+ (m21 −m22 − p221)x+ (m20 −m21 + p221 − p22)y +m22 − iǫ
]
−1
(A5)
The function B0, for some cases of interest, are
B0(0, 0,M
2) = ∆ + 1− log
(
M2
µ2
)
,
B0(0,M
2,M2V ) = ∆ + 1− (M
2 +M2V )
2(M2 −M2V )
log
(
M2
M2V
)
− log
(
MMV
µ2
)
,
B0(q
2, 0,M2) = ∆ + 2−
(
1− M2
q2
)
log
(
1− q
2
M2
)
− log
(
M2
µ2
)
,
B0(q
2,M2,M2) = ∆ + 2− 2 (4M
2 − q2)1/2
q arctan
[
q
(4M2 − q2)1/2
]
− log M2
µ2
(A6)
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The functions C0, for some cases of interest, are
C0(0, 0, 0,M
2, 0,M2) = − 1
M2
,
C0(0, 0, 0,M
2,M2V , 0) = − 1(M2 −M2V )
log
(
M2
M2V
)
,
C0(0, 0, 0,M
2,M2V ,M
2) = − 1
(M2 −M2V )2
{
M2 −M2V
[
1 + log
(
M2
M2V
)]}
,
C0(0, 0, q
2,M2,M2V , 0) =
1
q2
[
log
(
M2 − q2
M2V
)
log
(
M2 − q2
M2V
− 1
)
− log
(
M2
M2V
− 1
)
log
(
M2
M2V
)
+iπ log
(
1− q
2
M2
)
− Li2
(
M2
M2V
)
+ Li2
(
M2 − q2
M2V
)]
,
C0(0, 0, q
2,M2,M2V ,M
2) = 1
q2
{
−2π arctan
[
q(4M2 − q2)1/2
2(M2 −M2V )− q2
]
+4 arctan
[
(4M2 − q2)1/2
q
]
arctan
[
q(4M2 − q2)1/2
2(M2 −M2V )− q2
]
− log
(
M2
M2V
)
log
[
(M2 −M2V )2
(M2 −M2V )2 +M2V q2
]
−Li2
(
M2q2
(M2 −M2V )2 +M2V q2
)
+ Li2
(
M2V q
2
(M2 −M2V )2 +M2V q2
)
+Li2
(
ξ∗
2(M2 −M2V )− ξ
)
− Li2
(
−ξ∗
2(M2 −M2V )− ξ∗
)
+Li2
(
ξ
2(M2 −M2V )− ξ∗
)
− Li2
(
−ξ
2(M2 −M2V )− ξ
)}
,
C0(0, 0, q
2,M2, 0,M2) = 1
q2
{
−2π arctan
[
q(4M2 − q2)1/2
2M2 − q2
]
− Li2
(
M2q2
M4
)
+4 arctan
[
(4M2 − q2)1/2
q
]
arctan
[
q(4M2 − q2)1/2
2M2 − q2
]
+Li2
(
ξ∗
2M2 − ξ
)
− Li2
( −ξ∗
2M2 − ξ∗
)
+ Li2
(
ξ
2M2 − ξ∗
)
−Li2
( −ξ
2M2 − ξ
)}
,
(A7)
where ξ = q2 + iq(4M2 − q2)1/2, and Li2(x) is the dilogarithm or Spence’s function, defined
as
Li2(x) = −
∫ 1
0
dt
t
log(1 − xt) ,
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FIG. 1. Feynman diagrams leading to contribution of the excited leptons to the two-point
functions
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FIG. 2. The contribution of the excited leptons to the three-point functions
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a) b)
c)
d)
FIG. 3. Attainable values for the new contributions to the ǫ’s parameters in the model as a
function of the scale Λ. The solid lines correspond to ǫ1, the dashed ones to ǫ2 and the dotted ones
to ǫ3. The thin (thick) lines correspond to excited lepton mass value of M = 100 (200) GeV. We
have assumed different configurations of the weight factors (f1, f2, κ1, κ2): (a) = (1, 1, 1, 1); (b) =
(1,−1, 1,−1); (c) = (1, 0, 1, 0); (d) = (0, 1, 0, 1)
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a) b)
c) d)
FIG. 4. Attainable values for the new contributions to the width Γ(Z → ℓ+ℓ−) in the model as
a function of the scale Λ. The thin (thick) line correspond to excited lepton mass value of M = 100
(200) GeV, for configurations of the weight factors as in Fig. 3.
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a) b)
c) d)
FIG. 5. Attainable values for the new contributions to the invisible Z width in the model as a
function of the scale Λ. The thin (thick) line correspond to excited lepton mass value of M = 100
(200) GeV, for configurations of the weight factors as in Fig. 3.
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FIG. 6. Excluded regions in the Λ versus M plane from the bounds on ∆Γee (shadowed area),
and from ZEUS data [10] (below and left of the dashed curve), at 95% C.L.
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